INTRODUCTION
The fluorescence of proteins is exquisitely dependent on structural changes, a property that has led to a plethora of techniques aimed at assessing protein structure and dynamics.
1-10 Such fluorescence generally arises from Trp residues in the structure, whose emission wavelength, quantum yield and lifetimes are exquisitely sensitive to the surrounding environment. 2, 8, 11, 12 Indeed, the protein scaffold not only tunes the emission wavelength of Trp by electrostatic interactions, but also mediates proton, electron and energy transfer reactions that can efficiently quench Trp emission, thus modifying its quantum yield and lifetime. 13 In a protein-ligand complex, the bound ligand can further modify the fluorescence properties of the protein by participating in Förster resonance energy transfer (FRET) reactions with Trp, an impact that is intimately related to the particular binding mode adopted by the ligand. Conversely, the ligand fluorescence can also be drastically modulated upon protein binding.
14 Structural characterization of ligand binding events from FRET data based on the popular Förster expression, which predicts a R -6 distance decay of the transfer rate with donor-acceptor separation, suffers however from uncertainties related to Förster description of the donor-acceptor electronic coupling. Such limitations are related to the orientation factor, dielectric screening effects exerted by the surrounding environment, and potential deviations from the ideal dipole approximation. 15 For example, because a ligand has a restricted rotational freedom in the protein binding site, an isotropic approximation for the dipole-dipole orientation factor, ! = 2 3, will likely break down. 16 In addition, if the ligand is close to the Trp residue, the coupling can significantly deviate from the ideal dipole description, specially if the rotational freedom of the ligand is restricted. 17 Finally, dielectric screening effects strongly depend on the nature of the amino acids that surround the chromophores involved in a FRET event. 18 The potential of FRET experiments to characterize ligand binding events -its exquisite sensitivity to subtle structural changes in the underlying binding mode -is thus underexploited under a simple Förster-type interpretation in terms of intermolecular distances.
Different research groups have used molecular dynamics (MD) simulations in
order to characterize FRET data in terms of structure. 16, Krueger and co-workers, for example, have shown that and R can be strongly correlated for a pair of fluorescent probes attached to lysozyme, thus modifying by 60% the predicted rates compared to the independent and R assumption common in FRET studies. 16 On the other hand, by combining MD and polarizable quantum mechanics/molecular mechanics (QM/MM) calculations, we have recently examined the impact of dielectric screening in several photosynthetic pigment-protein complexes. Our results showed that the heterogeneous nature of the environment can modulate by a factor up to ∼4 FRET rates with respect to those predicted for a homogeneous medium, as assumed in Förster theory. 18, 41 In this study, we apply the MD-QM/MMpol strategy we have developed to describe energy migration in complex environments 42 14 Characterizing the binding of drugs to HSA is important to understand their pharmacodynamic and pharmacokinetic profile, given that HSA is the major transport plasma protein. 43, 44 In this case, we study the binding of flurbiprofen, a chiral nonsteroidal anti-inflammatory drug (NSAID), in which the (S)-enantiomer shows most of the anti-inflammatory activity, although both enantiomers posses analgesic activity. In addition, flurbiprofen exhibits stereoselectivity in its pharmacokinetics, 45 and stereoselective binding to HSA has been shown to occur. 46, 47 It is known that flurbiprofen binds preferentially to site II (benzodiazepine binding site) of HSA but also binds with remarkable affinity to another site. 46, 48, 49 Often this secondary binding site has been identified with well-known site I (warfarin binding site) of HSA.
However, the crystal structure of ibuprofen bound to HSA, 50 a drug with a rather similar structure and binding characteristics, 48 indicates that the secondary site is not site I.
Rather, it is a novel site located between subdomains IIA and IIB. This finding explains why there is only a partial quenching of HSA phosphorescence in the presence of FBP, 47 as FBP in that secondary site is not in direct contact with Trp214 as would be in site I, but at a distance ~10 Å.
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In addition to the FBP/HSA complex, we also examine covalently linked dyads formed by (S)-and (R)-enantiomers of FBP and (S)-tryptophan methyl ester (TrpMe), in which the enantioselectivity is reversed. 14 For the FBP/HSA complexes, we explore the flexibility and binding modes of the enantiomers using classical MD simulations, then we estimate the FRET properties of the system from polarizable QM/MM excited state calculations performed along the MD trajectories. 51 For the model dyads, we find that the classical force field is unable to describe their conformational properties in acetonitrile, so we determine the main conformers and evaluate the EET properties of the dyad based on static QM calculations coupled to a continuum solvation model.
Interestingly, we find that the enantioselectivity in the model dyad arises from an almost orthogonal arrangement of the transition dipole moments of FBP and Trp in the (S,S)-dyad, which explains the 2-3 times slower dynamic quenching observed. On the other hand, we find that the dynamic quenching in the FBP/HSA complex arises from the fraction of FBP bound to the secondary site of HSA at the interface between subdomains IIA and IIB, rather than the main population bound at site II. In this case, the enantioselective quenching arises from the increased flexibility of the (S)-FBP diastereomer compared to the (R)-FBP one, which induces large fluctuations in electronic couplings, in line with the faster reorientational time derived from fluorescence anisotropy for that enantiomer. 14 In both model dyad and FBP/complexes, we find that a precise determination of the transition dipole orientation of Trp L a state through time-dependent density functional theory (TD-DFT), as well as account for higher-order multipolar effects beyond the dipole approximation based on 3D transition densities, is necessary in order to capture the subtle changes in FRET rates observed.
The present contribution is organized as follows. First, we describe the methods used in this work. Then, we discuss the results for the model dyads followed by those obtained for the FBP/HSA complexes. Finally, we close with our conclusions and future prospects.
METHODS

Förster energy transfer theory
The interpretation of FRET studies is typically performed based on Förster theory, introduced more than 60 years ago, 52,53 which describes the rate of non-radiative electronic excitation energy transfer from a donor (D) molecule to a weakly-coupled acceptor (A):
The distance and orientation dependence of the rate is mainly encapsulated in the ! term, which is approximated as:
where the orientation factor is given by
and indicates the refractive index of the medium, ! ! / ! ! the D/A transition dipole moments and R the intermolecular center-to-center separation ( ! ! , ! ! and are the corresponding unit vectors). 
The Coulomb and the environment-mediated terms in the QM/MMPol and QM/PCM formulations are given by One can thus define an effective screening factor s, that can be directly compared to
Molecular dynamics simulations
We performed molecular dynamics simulations of the (S)-and (R)-FBP/HSA complexes, as well as the (S,S)-and (R,S)-FBP-TrpMe dyads. The (S,S)-and (R,S)-FBP-TrpMe dyads were solvated in a CH 3 CN truncated octahedron box (buffer zone of 25 Å) using the Leap tool of the Amber 12 software. 57 The FBP/HSA systems, on the other hand, were initially prepared from the crystal structure of HSA complexed with ibuprofen (PDB 2BXG), solved at a 2.7 Å resolution, 50 where the structures of the (S)-and (R)-enantiomers of anionic FBP were aligned to the structure of ibuprofen. In particular, ibuprofen is bound to the well-known site II of HSA, but also to a secondary site of HSA located between subdomains IIA and IIB. 50 We align FBP enantiomers in order to place them at this secondary site, as an energy transfer in the subnanosecond timescale is only compatible with that binding mode, populated by 30-40% of FBP enantiomers in the experimental conditions we aim at simulating, 14,46 as will be discussed in the results section. We assumed a standard protonation state for all residues except Glu244, which was in the neutral state, as indicated by pKa estimates at neutral pH computed using the PROPKA3 server. 58 The system was then solvated in a TIP3P 59 water truncated octahedron box (buffer zone of 20 Å). We used the force field for steps allowing the complete systems to relax. Then, the systems were gradually thermalized by running five 100-ps simulations at constant volume to increase the temperature from 0 to 298 K, and subsequently simulated in the isothermal-isobaric ensemble (1 atm and 298 K) for a total of 100 ns. For the (S)-and (R)-FBP/HSA systems, the equilibration plus production runs starting from the energy-minimized structures was repeated for a total of 5 replicas. All simulations were done using the Amber12 code 57 with periodic boundary conditions, the Particle Mesh Ewald approach to account for long-range electrostatics, a non-bonded cutoff of 8 Å, a 2 fs integration time step, the SHAKE algorithm to restrain bonds involving hydrogen and the Langevin dynamics method to control the temperature (collision frequency 1 ps −1 ). In constant pressure simulations, we used the isotropic position scaling algorithm (pressure relaxation time 2 ps). From the last 50 ns of each replica, a total of 100 snapshots were extracted each 0.5 ns to be used in the QM/classical calculations.
QM/MMPol and QM/PCM calculations
QM geometry optimizations of the model dyad structures extracted from the MD simulations were done at the B3LYP/6-31G(d) level of theory adopting D3 Grimme's dispersion correction 63 and the SMD solvation model 65 68 and time-dependent density functional theory (TD-DFT) 69 using the CAMB3LYP functional. 70 In CIS and TD-CAMB3LYP calculations we used the 6-31G(d) basis set. All calculations were performed with a locally modified version of the Gaussian 09 code. 71 In the PCM calculations, we used the default cavity parameters in Gaussian. On the other hand, QM/MMPol calculations were performed using the Amber pol12 AL polarizable force field to describe the protein and water solvent, 72, 73 where water atomic charges were computed at the MP2/aug-cc-pVTZ level of theory on the TIP3P geometry using the RESP approach. 
RESULTS AND DISCUSSION
In this study, we aim at investigating the dynamic fluorescence quenching 
FBP-TrpMe model dyads
The Tables S1-S2 of the Supporting Information, whereas in Table 2 Table 1 , obtained either using the ideal dipole approximation or from the QM/PCM model based on transition densities, are in most cases smaller than one.
As expected, our results show that Förster dipole-dipole approximation introduces significant deviations in the coupling estimates given the close separation between FBP and Trp in the dyad, especially in the D-B-A models. If we focus on the most accurate estimates based on transition densities, interestingly, only the TD-DFT data based on the complete D-B-A models is able to describe the correct enantioselectivity, whereas the simple D-A models or the CIS and ZINDO calculations predict a ~2-3 faster transfer for the (S,S)-dyad, in contrast with the observed ratio In order to get further insights in the origin of the coupling values, in Table 2 Based on the spectral overlaps computed from the experimental spectra of FBP and
TrpMe in acetonitrile, in Table 3 
FBP/HSA complexes
The first question to address in order to explain the subnanosecond stereoselective dynamic quenching of FBP regards the location of the drug in the HSA complex. The experiments were performed at an FBP/HSA ratio 0.7:1, 14 and at this ratio 40% and 30% of (S)-and (R)-FBP are bound to the secondary binding site of HSA, whereas the remaining drug is bound to the preferred site II. 46 As discussed in the In the FBP/HSA complexes, as in the model dyads discussed above, the energy migration properties between the FBP enantiomers and the Trp214 exquisitely depend on the separation and mutual orientation between them. We have thus run MD simulations for a total time of 0.5 µs, divided in 5 replicas, for each enantiomer of FBP.
In Fig. S1 of the Supporting information we show the root-mean-squared deviations (RMSD) of atomic positions for the complex and for the ligand along each MD replica.
As can be observed from the RMSD plots, the ligand is rather flexible in the binding Here, the adoption of an average coupling value is deemed a reasonable approximation,
given that the FBP ligand stays most of the time in a stable binding mode. experimental value. The better performance of TD-DFT is even amplified when the couplings are derived based on the ideal dipole approximation, as in this case only the dipole data derived from TD-DFT is able to explain the experimental ratio giving a rather accurate estimate of 38% increase, whereas the adoption of transition dipoles derived from CIS and ZINDO calculations predict faster rates in the order of 214% and 489%. The important conclusion from this data is that the dipole-dipole couplings assumed in Förster theory are too sensitive to small changes in the actual orientation of the transition dipoles, whereas the estimates based on full 3D transition densities are remarkably more robust to such changes and make the choice of QM method less critical.
If we turn again to the origin of the larger coupling distribution obtained for the (S)-enantiomer of FBP, the data in Table 4 allows us to dissect the variation of the coupling values in terms of distances and orientation factors. In addition, in Fig. 6 we report the distribution of screening factors derived from MD-QM/MMPol calculations compared to the = 1/ ! Förster approximation computed assuming a value ! = 2 for the protein environment. 18 Regarding the Trp214 to FBP distances, we find a slightly shorter average separation 10.5 Å for (S)-FBP compared to the value 11.0 Å found for (R)-FBP. Such change suggests a larger FRET rate for the (S)-enantiomer by 31% based on Förster R -6 distance-dependent rate expression, very close to the 30% increase observed. Other factors beyond chromophore separation however come into play, namely the orientation between chromophores and changes in dielectric screening effects. Based on the most accurate TD-DFT data, these two effects, in contrast to the FBP-Trp distance, tend to increase the FRET rate of the (R)-enantiomer by 8% each, as ! passes from 0.26 to 0.28 and ! from 0.35 to 0.38 (see Table S4 in the Supporting Information). Thus, the average conformation of the (S)-enantiomer in the binding pocket explains only about 15% of the total 54% increase in transfer rate compared to the (R)-enantiomer as predicted by the TD-DFT data based on transition densities, an increase caused by a shorter interchromophoric distance, but counteracted by a less favorable orientation and modulation of the coupling by dielectric screening effects. The remaining increase, thus, can be associated to the dynamic characteristics of the stable binding mode adopted by the (S)-FBP, which seems to be more flexible, thus leading to a wider distribution of coupling values as shown in Fig. 5 and discussed before. Indeed, the distance fluctuations for the (S)-enantiomer, with a = 0.88 Å, are significantly larger than the value 0.56 Å found for the (R) form. It is also interesting to note the large distribution of screening factors obtained along the MD simulations shown in Fig. 6 , which underscore the strong variation that can arise in transfer rates due to differences in local environment and pigment orientation, an effect completely ignored when the Förster 1/n 2 screening factor is assumed. Finally, in Table 5 we provide the predicted energy migration rates for the (R)-and (S)-FBP enantiomers, estimated using the MD-QM/MMPol couplings at the ZINDO, CIS and TD-CAMB3LYP levels of theory, together with the experimental spectral overlap factor. As can be seen, although TD-DFT provides the best enantioselective quenching ratios shown in Table 4 
